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Abstract

Objective: To characterize and evaluate osteoarthritic (OA) chondrocytes, in comparison to normal chondrocytes, through
a novel 3-dimensional (3-D) culture system, poly(ethylene-glycol) diacrylate (PEGDA). The cytokine interleukin I (IL-1f3)
was also used to simulate an in vitro OA model. Methods: Normal and OA chondrocytes were cultured in monolayer
and analyzed for changes in cartilage-specific gene expressions due to passage number. Then, cells were encapsulated in
PEGDA to evaluate phenotype and matrix production capabilities through the in vitro culture system. Characterization
was conducted with polymerase chain reaction (PCR), biochemical analyses, and histological staining. 3-D encapsulated
chondrocytes (human and bovine) were also treated with IL-13 to characterize how the cytokine affects gene transcription
and extracellular matrix (ECM) content. Results: In 2-dimensional monolayer, anabolic genes were down-regulated
significantly in both normal and OA chondrocytes. In 3-D culture, OA chondrocytes demonstrated significantly higher
expressions of catabolic genes when compared to normal cells. Differentiation medium resulted in significantly more
matrix production than growth medium from OA chondrocytes, indicated through histological staining. In addition, normal
chondrocytes responded more significantly to exogenous administration of IL-13 than OA chondrocytes. Temporary initial
stimulation of IL-1 to OA chondrocytes resulted in comparable gene expressions to untreated cells after 3 weeks of in
vitro culture. Conclusions: Our findings demonstrate the use of OA chondrocytes in tissue engineering and their significance
for potential future cartilage regeneration research through their matrix production capabilities and the use of a hydrogel
culture system.
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Introduction

The etiology of osteoarthritis (OA) is not well understood
due to its complexity as a joint disease.’ One of the most
prominent characteristics of OA is the significant depletion
of articular cartilage. A full regeneration of the hyaline tis-
sue, both morphologically and biomechanically, rarely
occurs due to the lack of vascular and neural systems in the
tissue.” As the only resident cell type in hyaline cartilage,
chondrocytes are responsible for matrix turnover and tissue
repair during normal cartilage metabolism through a deli-
cate balance of catabolic and anabolic pathways within the
joint.3 A perturbation in this homeostatic balance may tip
the scale towards excessive matrix degradation, initiating
the hallmark cartilage loss that is characteristic of OA.
Catabolic cytokine production is another characteristic of
the disease, and one predominant cytokine that is widely

attributed to mediating OA progression is interleukin 1
(IL-1pB).** This proinflammatory cytokine, secreted by both
OA chondrocytes and synoviocytes in the joint, up-regulates
catabolic enzymes, such as matrix metalloproteinases
(MMPs), while down-regulating extracellular matrix
(ECM) production."*’ IL-1B also activates the transcrip-
tion factor nuclear factor-kappa B (NF-«B), which regu-
lates inflammatory genes and OA pathogenesis while also
further up-regulating IL-1p transcription itself."’
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Tissue engineers have focused predominantly on the
repair of cartilage; however, the incorporation of diseased
chondrocytes into tissue engineering studies has been lim-
ited. Understanding how diseased chondrocytes behave in
vitro, specifically in a neutral environment, can help to bet-
ter evaluate their phenotype and matrix production capa-
bilities so as to elucidate the potential use of diseased
chondrocytes in tissue regeneration. A 3-dimensional (3-D)
in vitro system more accurately represents the in vivo envi-
ronment in which cells live, providing structural support
while allowing cell-cell and cell-matrix interactions.
Collagen and alginate have been used frequently to encap-
sulate chondrocytes; however, collagen promotes chondro-
cyte differentiation to a more fibroblastic phenotype, while
the formation of alginate scaffolds is difficult to control and
also produces inconsistent results in ECM production."*%!!
Previously, poly(ethylene-glycol) (PEG) has been demon-
strated to be a suitable scaffold for in vitro culture of fibro-
blasts, osteoblasts, chondrocytes, and mesenchymal stem
cells."*" The porosity of PEG allows for diffusion of nutri-
ents and various cytokines and growth factors, and its bio-
compatibility makes it suitable to study cell behavior.
Therefore, we investigated and compared the behavior of
isolated chondrocytes from patients diagnosed with OA to
those from individuals unaffected by OA in PEG scaffolds
to evaluate diseased cell behavior in cartilage tissue engi-
neering. We focused on analyzing differences in anabolic
and catabolic gene expressions as well as ECM production
when the cells were cultured in the PEG environment. In
addition, we also studied the effects of IL-1p in inducing
and maintaining an OA environment in both cell types.

Materials and Methods
Chondrocyte Isolation

Bovine and human chondrocytes were enzymatically iso-
lated in the same manner as previously described.'® Bovine
articular chondrocytes (bCC) were removed from the patel-
lofemoral groove and femoral condyles of 5- to 8-week-old
calves. Human normal articular chondrocytes (hCC) were
taken from the condyles and tibial plateaus of human cadav-
eric specimens that had no history of OA, while human OA
articular chondrocytes (hOA) were isolated from the knee
joints of patients diagnosed with severe OA and underwent
total knee arthroplasty. All human samples were received from
the National Disease Resource Institution (Philadelphia, PA)
according to an Institutional Review Board (IRB)—approved
protocol. The ages of the patients from which normal chon-
drocytes were isolated were 54 and 77 years; for OA chon-
drocytes, the ages of the patients were 52, 58, and 60 years.

All cartilage explants were digested on an orbital shaker
for 16 to 20 hours at 37 °C with 5% CO, in a solution com-
posed of 0.17% w/v type II collagenase (Worthington
Biochemical Corporation, Lakewood, NJ) in high-glucose

DMEM (Invitrogen, Carlsbad, CA) with 6% fetal bovine
serum (FBS) (Hyclone Laboratories Inc., Logan, UT). After
digestion, the filtrate was passed through a 70-pm strainer,
and cells were rinsed thoroughly with phosphate buffer
saline with 100 U/mL penicillin and 100 pg/mL streptomy-
cin (PBS-PS) before preparation for experiments.

Media Conditions

Chondrocyte growth media (CCM) consisted of high-
glucose DMEM, 10% FBS (Hyclone Laboratories Inc.),
0.1 mM MEM nonessential amino acids solution (Invitrogen),
10 mM HEPES (Invitrogen), 50 pg/mL ascorbic acid
(Sigma, St. Louis, MO), 0.4 mM proline (Sigma), | mM
sodium pyruvate (Invitrogen), and 100 U/mL penicillin and
100 pg/mL streptomycin (Invitrogen).

Chondrogenic media with TGF-B1 (CGMT) consisted of
high-glucose DMEM, 100 nM dexamethasone (Sigma),
40 pg/mL proline (Sigma), 50 pg/mL ascorbic acid-
2-phosphate (Sigma), 0.9 mM sodium pyruvate (Invitrogen),
100 U/mL penicillin and 100 pg/mL streptomycin
(Invitrogen), 1% ITS+ Universal Culture Supplement
Premix (BD Bioscience, Franklin Lakes, NJ), and 10 ng/mL
TGF-B1 (RDI Fitzgerald, Acton, MA). The TGF-f1 was
added to the chondrogenic media at every media change.

Chondrocyte Encapsulation in PEGDA

Three-dimensional constructs were formed by encapsulating
chondrocytes in poly(ethylene-glycol) diacrylate (PEGDA)
(Sun-BIO, Orinda, CA) through photopolymerization.
Chondrocytes were mixed in a 10% PEGDA solution in
PBS-PS at the density of 20 million cells/mL. Using a
cylindrical mold with a diameter of about 5 mm, the chon-
drocyte/polymer solution was mixed with the photoinitiator
Irgacure 2959 (Ciba Specialty Chemicals, Tarrytown, NY)
for a final concentration of 0.05% w/v and then photopoly-
merized with ultraviolet light at 3 mW/cm® and 365-nm
wavelength for 5 minutes. Upon removal from the cylindri-
cal molds, the constructs were transferred to 24-well plates
and cultured in either CCM (IL-1p studies) or CGMT
(non—IL-1p studies). All constructs were cultured at 37 °C
with 5% CO, with media changes every 2 to 3 days.

Reverse Transcriptase
Polymerase Chain Reaction (RT-PCR)

Constructs were homogenized in TRIzol Reagent
(Invitrogen) before extraction of total RNA following the
protocol accompanying the reagent. Complementary DNA
was then synthesized using the reverse transcriptase
Superscript First-Strand Synthesis kit (Invitrogen).
Conventional RT-PCR was conducted for type II collagen
A/B with Tag Recombinant Polymerase (Invitrogen) (primer
sequencesfrom5't03":F-GTGAGCCATGATTCGCCTCGQG,
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Table I. Primer Sequences for qPCR

Genes Human: sequences (5'-3) Bovine: sequences (5'-3")

B-actin F-TGGCACCACACCTTCTACAATGAGC? 54 °C F-GGCACCCAGCACAATGAA 54 °C
R-GCACAGCTTCTCCTTAATGTCACGC R-GCTAACAGTCCGCCTAGAAGC

Aggrecan F-CACGATGCCTTTCACCACGAC* 54 °C F-CATCGGGCTTGCCAGAGTT 54 °C
R-TGCGGGTCAACAGTGCCTATC R-ACTGGTGTCCACGAACGTAATG
F-GCCTTGAGCAGTTCACCTTC™
R-CTCTTCTACGGGGACAGCAG

Type | F-AGGGCCAAGACGAAGACATC?* 55 °C F-GGGCAACAGCAGATTCACTTAC 54 °C

collagen R-AGATCACGTCATCGCACAACA R-CAAGGATAGGCAGGCGAGAT

Type Il F-GAAACCATCAATGGTGGCTTCC™* 54 °C F-GCAACCCTGGAACTGATGGA 54 °C

collagen R-CGATAACAGTCTTGCCCCACTT R-GCTCACCCGTTTGACCTTTT

Sox-9 F-CCCCAACAGATCGCCTACAG®’ 54°C ND NA
R-GAGTTCTGGTCGGTGTAGTC
F-TTCATGAAGATGACCGACGA™®
R-CACACCATGAAGGCGTTCAT

MMP| F-CTGAAGGTGATGAAGCAGCC®’ 51 °C ND NA
R-AGTCCAAGAGAATGGCCGAG

MMP2 F-GCGACAAGAAGTATGGCTTC” 54 °C ND NA
R-TGCCAAGGTCAATGTCAGGA

MMP3 F-CTCACAGACCTGACTCGGTT? 54 °C F-TCTGACGGTCTGGGAGGAG 54 °C
R-CACGCCTGAAGGAAGAGATG R-AGGTCCATCAAAAGGCAAAA

MMP13 F-CTATGGTCCAGGAGATGAAG®’ 54 °C F-GCTCACGCTTTCCCTCCT 54 °C
R-AGAGTCTTGCCTGTATCCTC R-CAAACTCATGGGCAGCAACA

TIMPI F-GACGGCCTTCTGCAATTCC® 51 °C ND NA
R-GTATAAGGTGGTCTGGTTGACTTCTG

NF-xBI F-GCACGACAACATCTCATTGG® 54 °C F-TTACAAAACCAGCCTCCGTG 54 °C

R-CCCAAGAGTCATCCAGGTC

R-GCCGAAACTGTCCGAGAAA

Note: ND = not done; NA = not applicable.

Second pairs of human aggrecan and Sox-9 primers used only for Figure | normal chondrocytes real-time PCR.All other PCR for human aggrecan and

Sox-9 used first pairs of primers listed.

R-CACCAGGTTCACCAGGATTGCC), run on a 2% aga-
rose gel, and stained with ethidium bromide. Quantitative
RT-PCR (qPCR) was conducted on the following genes
and normalized to (-actin: aggrecan, type I collagen, type 11
collagen, Sox-9, MMPs -1, -2, -3, and -13, TIMP-1 (tissue
inhibitor of metalloproteinases 1), and NF-kB1. Primers are
listed in Table 1, with bovine primers designed using
mRNA sequences from the Entrez Gene database and
Primer Premier software (Premier Biosoft International,
Palo Alto, CA), and human sequences were taken from
previously published references. All genes were analyzed
in triplicate using the 2" method.'” Quantitative PCR
was conducted on the ABI Prism 7700 Sequence Detection
System (Perkin Elmer/Applied Biosystems, Rotkreuz,
Switzerland) using SYBR Green PCR Master Mix (Perkin
Elmer/Applied Biosystems).

Biochemical Analysis

Constructs were lyophilized for 48 hours and then weighed
for dry weights. After lyophilization, constructs were
homogenized with papain digestion buffer (Worthington
Biochemical Corporation) and digested for 16 to 18 hours

at 60 °C. DNA content was measured using fluorescence
from the low-assay Hoechst 33258 dye (Molecular Probes,
Eugene, OR)."® Varying concentrations of calf thymus
DNA (Invitrogen) were used to generate a standard curve.
All standards and sample values were measured on a fluo-
rometer at 365-nm excitation and 458-nm emission.
Glycosaminoglycan (GAG) quantity was determined using
the dimethylmethylene blue (DMMB) dye assay.19 Papain
samples were mixed with the dye, and absorbance was
measured at 525 nm on an ultraviolet-vis spectrophotome-
ter, using chondroitin sulfate C as the standard. Total col-
lagen content was calculated with the hydroxyproline
assay.”’ Papain-digested samples were hydrolyzed with
HCI for 18 hours at 115 °C and titrated to neutral pH with
varying concentrations of NaOH and HCI with methyl red
as the pH indicator. Trans-4 hydroxy-L-proline (Sigma)
was used to generate the hydroxyproline standard curve
ranging from 0 to 7 pg. Both standards and samples were
mixed with chloramine-T hydrate (Sigma), incubated for
20 minutes, and then mixed with p-dimethylaminobenzal-
dehyde (Sigma), after which incubation occurred for 30
minutes in a 60 °C water bath. Absorbance values were
measured at 550 nm, and the ratio of 1:10 hydroxyproline13
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Figure |. PCR of cartilage gene expressions in monolayer culture. Analyzed in triplicate. (A) Analysis of normal human chondrocytes.
Band sizes for type Il collagen A/B are 701 bp and 494 bp, respectively. Quantitative PCR indicated increase in type | collagen (Coll)
and decrease in type |l collagen (Col2), aggrecan, and Sox-9. (B) Analysis for OA human chondrocytes. Similar trends as the normal
chondrocytes in A, with expression of type Il collagen A/B lasting for one more passage than normal cells.

to collagen was used to calculate total collagen content. For
each of the assays, ECM content was normalized to the
respective dry weights of the constructs.

Histology

Constructs were fixed in 4% paraformaldehyde and then
dehydrated in increasing concentrations of ethanol before
being placed in xylene. Constructs were then embedded in
paraffin and sliced in 5-um-thick sections on the microtome.
Sections were stained with Safranin-O (SchoLAR Chemistry,
West Henrietta, NY) for GAG and immunolabeled with
type II collagen primary antibody (RDI Fitzgerald).

Statistical Analysis

All results are presented as averages and standard devia-
tions (n = 3) and analyzed with a Student #-test for pair-wise
comparison. Statistical significance was noted for all
P values <0.05: *P < 0.05, **P < 0.01, and ***P < 0.001.

All chart data represented in figures depict the mean, and
error bars represent one standard deviation.

Results

Dedifferentiation Patterns of Human
Chondrocytes

Normal and OA chondrocytes exhibited similar dedifferen-
tiation patterns when cultured in monolayer. When com-
pared to primary cells, both aggrecan and Sox-9 were
immediately down-regulated upon monolayer culture,
while type II collagen demonstrated a passage-dependent
down-regulation (Fig. 1). Type I collagen was up-regulated
after one passage in both cell types, indicating dedifferen-
tiation from monolayer culture. Specifically, normal chon-
drocytes did not express type II collagen A/B beyond a
single passage (P0), while OA chondrocytes did not express
the gene beyond 2 passages (P1). From these data, all sub-
sequent studies involving in vitro 3-D culture were cultured
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Figure 2. Real-time PCR of human chondrocytes cultured in vitro for 3 weeks in PEGDA and CGMT, comparing various gene markers
between normal and diseased chondrocytes (n = 3). *P < 0.05, ¥**P < 0.01, and ***P < 0.001. (A) Aggrecan, type | collagen, and type Il
collagen were significantly down-regulated in OA chondrocytes. No significant change was observed in Sox-9.(B) MMPs -1,-2,-3,and -13,
TIMP-1, and proinflammatory marker NF-kB1 all up-regulated in OA chondrocytes.

in monolayer for a single passage before encapsulation in
PEGDA in order to obtain sufficient cell numbers while
maintaining as similar a phenotype to primary chondrocytes
as possible.

Gene Expression Comparison of In Vitro
Chondrocytes in PEGDA Hydrogels

Both normal and OA chondrocytes were then encapsulated
in PEGDA hydrogels and cultured for 3 weeks in CGMT.
Quantitative PCR indicated significant down-regulation of
aggrecan and type I and type II collagen from OA chondro-
cytes when compared to normal cells (Fig. 2A). No change
was observed in the expression of the early transcription
factor, Sox-9. The proinflammatory transcription factor,

NF-xB1, was elevated by 33-fold in OA chondrocytes
compared to control, mirroring the up-regulation of
MMPs -1, -2,-3,and -13, and TIMP-1 (Fig. 2B). Specifically,
MMP-3 and MMP-13 were increased by approximately
15-fold and 8-fold, respectively.

In Vitro Matrix Production
Comparison from Chondrocytes in PEGDA

In addition to gene expression, the matrix production of
both normal and OA chondrocytes encapsulated in PEGDA
with CGMT was evaluated. After 3 weeks of culture, the
DNA profile demonstrated significantly lower quantity
from OA chondrocytes than normal chondrocytes (Fig. 3A).
However, the OA chondrocytes produced comparable
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Figure 3. Matrix production from human chondrocytes cultured in vitro in PEGDA for 3 weeks. *P < 0.05, *P < 0.01, and **P <
0.001. (A) After culture in CGMT, OA cells exhibited less DNA quantity than normal chondrocytes (n = 3). However, the diseased
chondrocytes demonstrated comparable amounts of both GAG and total collagen matrix proteins when normalized to dry weights.
(B) When cultured in chondrogenic media with TGF-B1 (CGMT) instead of growth media (CCM), there was more Safranin-O staining
from OA chondrocytes and more pericellular type Il collagen immunolabeling. (C) An increase in NF-kB| was observed when OA

chondrocytes were cultured in CGMT instead of CCM (n = 3).

quantities of both GAG and total collagen matrix when
normalized to the dry weights of the constructs over the
same time period. In addition, there was a small increase in
total collagen production from the OA chondrocytes when
compared to the normal cells.

Effects of Medium Conditions on
OA Chondrocytes’ Behavior In Vitro

The type of medium in which the diseased chondrocytes
were cultured may also play a significant role in the behav-
ior of the cells in vitro. Therefore, comparisons were made
between culturing hOA hydrogel constructs in growth
medium (CCM) and chondrogenic medium with TGF-1
(CGMT). Safranin-O staining demonstrated that culturing
hOA in CGMT rather than CCM produced more GAG
matrix (Fig. 3B). Notably, the histological staining was
more intense with peripheral Safranin-O coloration sur-
rounding various chondrocytes cultured in CGMT, which

was not observed in CCM. There was also more pericellu-
lar immunolabeling for type II collagen when the OA cells
were cultured in CGMT (Fig. 3B). While the staining dem-
onstrated more matrix production after culture with CGMT,
gPCR indicated a significant increase in NF-xB1 gene
expression when OA chondrocytes were cultured in CGMT
(Fig. 3C).

Dose-Dependent Effects of IL-1[3

Due to challenges with accessing large numbers of hOA
and the inherent challenges with patient variability, the role
of IL-1P was also evaluated for in vitro OA modeling in
PEGDA hydrogels. To determine an appropriate concentra-
tion of IL-1P to elicit an osteoarthritic response for the
human studies, primary bovine chondrocytes (bCC) were
encapsulated in PEGDA, allowed to equilibrate in growth
medium for 3 days, and then treated with 3 different con-
centrations of IL-1(3: 1, 10, and 20 ng/mL. After 3 days of
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Figure 4. Effects of IL-13 on bovine chondrocytes cultured in PEGDA hydrogels for up to 3 weeks with growth media (CCM).*P < 0.05,
**P < 0.01, and ***P < 0.001. (A) Sustained treatment (light gray) resulted in no significant increase of GAG content over time, while
only 3 days of cytokine treatment (dark gray) resulted in comparable GAG content versus control after 3 weeks (n = 3). (B) Sustained
exposure to IL-13 decreased anabolic gene expression and increased catabolic gene expression related to cartilage metabolism (n = 3).
(C) Exposure to IL- 1B resulted in less Safranin-O staining and smaller morphology than the control with no IL-13.White bars on pictures

indicate a scale of 100 uym.

culture, there was a significant decrease in GAG content as
the concentration of the cytokine increased. Specifically,
10 and 20 ng/mL of IL-1f3 reduced proteoglycan content by
67% and 82% (data not shown), respectively. Based on
these observations, the concentration of 10 ng/mL was cho-
sen for all subsequent experiments, as it was the lowest tested
concentration to elicit a statistically significant reduction in
matrix production.

Time-Dependent Effects of IL-13 on bCC

Single-passaged bCC were then treated with IL-13 for
different culture durations. The addition of IL-1f resulted
in significantly lower GAG production at all time points
(Fig. 4A). However, when the constructs were treated with

the cytokine for only an initial 3 days, a comparable amount
of matrix was still produced after 3 weeks of total culture
when compared to the control (67% of GAG matrix pro-
duced by control). Histological staining with Safranin-O
supported these biochemical results (Fig. 4C). Continuous
treatment with IL-1 also resulted in a cell morphology that
was less round and smaller in size than that not exposed to
the cytokine or only temporarily exposed for 3 days.
Anabolic gene expressions of constructs continuously
treated with IL-1p after 3 weeks of culture were down-
regulated in the following manner: 33-fold for type II colla-
gen, 1.9-fold for type I collagen, and 9.8-fold for aggrecan.
Catabolic genes MMP-13 and MMP-3 were up-regulated
14-fold and 11-fold, respectively (Fig. 4B). When con-
structs were temporarily treated with IL-1f for the initial
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Figure 5. Relative gene fold induction of human chondrocytes in the in vitro PEGDA system treated with IL-13 (CCM) for 3 weeks
(n = 3). (A) Sustained IL- 1 treatment of OA chondrocytes stimulated down-regulation of anabolic matrix genes (Col2, Coll,Agg) and
up-regulation of catabolic genes (MMP-3, MMP-13, NF-kB|) when compared to the control (no IL-1[3). Recovering trend exhibited when
cellsexposed to IL-1 for only 3 days. (B) Expression of anabolic and catabolic genes of normal human chondrocytes stimulated with
sustained IL- I exhibited similar trends as OA cells but with larger fold inductions.

3 days of the 3-week culture, the only changes observed
were an up-regulation of aggrecan gene expression by 1.4-fold
and a down-regulation of type I collagen gene expression
by 2.6-fold compared to control. No significant change in
NF-kB1 expression was observed when the constructs were
treated with IL-1f continuously or temporarily.

Effects of IL-13 on Human Chondrocytes

Human normal and OA chondrocytes encapsulated in
PEGDA hydrogels were also cultured with or without
10 ng/mL of IL-1B in CCM for 3 weeks. Both cell types
exhibited similar quantitative gene expression trends (Fig. 5):
down-regulation of cartilage matrix genes and up-regulation
of catabolic genes when compared to their respective con-
trols at 3 weeks. Notably, hCC exhibited larger relative fold
changes of the catabolic and anabolic genes than the hOA
after exposure to the cytokine (Fig. 5B). In addition, when
hOA were exposed to IL-1 for only 3 days, they exhibited

a recovering trend as gene expressions returned toward the
levels expressed by control samples (Fig. SA).

Discussion

This work studied OA chondrocytes and the effects of expos-
ing the cells to an OA-related cytokine through a novel hydro-
gel culture system. The majority of current research aimed at
cartilage tissue repair focuses on the use of normal cells to
produce an ECM to compensate for degraded cartilage tissue.
Procedures such as autologous chondrocyte transplantation
(ACT) require biopsies of nonweightbearing cartilage tissue
for in vitro cell expansion to acquire enough cells to fill the
site of defects within patients.?"** However, the chondrocytes
isolated in these biopsies are most likely a heterogeneous mix
of both normal and diseased cells and potentially also chon-
drogenic progenitor cells.”* Therefore, it is crucial to elucidate
how diseased chondrocytes behave in vitro to better under-
stand how they can be used for future methods of treating OA.
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Chondrocyte proliferation is often employed to obtain
sufficient cell numbers for processes such as cellular trans-
plantation because the small volume of chondrocytes in
articular cartilage makes it a challenge to isolate enough
primary cells for in vitro studies.** However, monolayer
expansion causes a significant change in anabolic gene
expression that tend toward dedifferentiation and a fibroblas-
tic phenotype. While redifferentiation has been observed
when dedifferentiated cells are placed back in 3-D, there is
variability in the ability of these cells to regain the original
cartilage phenotype.25 The specific passage-dependent
down-regulation in type II collagen by both normal and OA
chondrocytes, as well as the increased type I collagen
expression and decreased aggrecan and Sox-9 expressions,
indicated the importance of minimizing the number of
monolayer passages to retain as much of the original pheno-
type of primary chondrocytes.?® Therefore, for all human
tissue engineering studies in this research, primary chon-
drocytes were cultured in monolayer for only a single pas-
sage before encapsulation in 3-D to obtain sufficient cell
numbers while retaining as much of the original phenotype
as possible.

Previous studies have demonstrated the effectiveness of
PEG as an appropriate scaffold for normal chondrocytes,
osteoblasts, and mesenchymal stem cells due to its bioinert
characteristics, tissue-like elasticity, high water content,
and efficiency for nutrient diffusion.'>'>*” In addition, UV
photopolymerization with Irgacure 2959 (Ciba Specialty
Chemicals) as the choice of photoinitiator in this hydrogel
system has been previously cited to cause minimal toxicity,
as it was well tolerated by various cell types.”® Thus, this
reduces the chances of cytotoxicity occurring to the cells
used in this 3-D in vitro system. In this study, it also pro-
vided a neutral environment to better characterize the phe-
notype of OA chondrocytes as well as their matrix
production capabilities in vitro. After 3 weeks of in vitro
culture in PEGDA, the OA chondrocytes retained their up-
regulated inflammatory and catabolic states when com-
pared to normal chondrocytes cultured in the same
conditions. The increased expressions of numerous MMPs
as well as the proinflammatory factor NF-kB1 from the OA
chondrocytes suggest that some aspects of the hydrogel cul-
ture allow the in vivo state of OA to be mimicked. Normal
tissue development and maintenance require MMPs, which
are regulated by tissue inhibitors of metalloproteinases
(TIMPs) to prevent more ECM degeneration than produc-
tion.”* In OA, the balance between MMPs and TIMPs is
shifted towards increased MMPs. The up-regulation of
TIMP-1 observed from this study suggests that the OA
chondrocytes have increased transcription of the natural
inhibitor in an attempt to balance the increase in MMP tran-
scription, which studies have linked to IL-1p and NF-kB.*"*
Although OA chondrocytes were removed from their natu-
ral diseased environment, they still exhibited a significantly

increased catabolic phenotype compared to normal chon-
drocytes when placed in the neutral hydrogel culture sys-
tem. Inaddition, we also observed significantly down-regulated
anabolic gene expression in OA chondrocytes compared to
normal cells after in vitro culture, while various literature
has demonstrated up-regulation from the cells as an attempt
to counteract excessive degradation as well as single-cell
phenotype differences between neighboring chondrocytes
in OA.*° The combination of all the data establishes the
heterogeneity of OA cartilage™ and suggests that the tissue
is composed of not just one chondrocyte type but rather an
aggregate of varying stages of a severely altered phenotype.

Quantifying the ECM production between normal and
OA chondrocytes cultured in PEGDA provided additional
insight into the diseased cells’ capabilities in tissue regen-
eration. While total matrix content produced by normal or
OA chondrocytes is variable from donor to donor, the in
vitro data in this study demonstrate that OA cells do have
the ability to secrete matrix. The OA chondrocytes in our
studies produced a substantial amount of both GAG and
total collagen matrix when compared to the normal chon-
drocytes. An increase in synthetic activity from OA chon-
drocytes has been reported even though the disease is
characterized by an overall decrease in the ECM.* We
hypothesize that maintaining chondrocytes in a nondegra-
dative and noninflammatory environment such as PEGDA
combined with an intrinsic increase in synthetic activity
explains the comparable formation of the ECM in vitro. We
also hypothesize that there could be a feedback loop
between the ECM that is produced by the OA chondrocytes
and the gene expression of their cartilage markers, thus
affecting the regulation of gene expressions (Fig. 2A), as if
the cells are trying to achieve a metabolic balance in the
PEGDA environment. This provides new insight into
established procedures such as ACT.*"** These in vitro
data suggest that OA chondrocytes could potentially be
used in generating new ECM, especially when initially cul-
tured in chondrogenic conditions in vitro outside of an OA
environment.

Serum or growth factors can play a role in affecting how
chondrocytes behave in vitro.*” Tt has been suggested that
serum provides some chondrogenic factors, while factors
such as dexamethasone and transforming growth factor 1
(TGF-B1) have been shown to induce chondrogenesis."” In
this study, we observed that matrix content was increased in
the presence of TGF-B1 and dexamethasone (chondrogenic
media) compared to FBS (growth media), as demonstrated
by histological staining. Although the literature suggests
that TGF-P has competing roles in OA such as inhibition
and stimulation of matrix synthesis, we observed increased
matrix content when culturing OA cells in chondrogenic
conditions in vitro, demonstrating their potential capacity
for use in tissue regeneration.***** However, the increase
in NF-kB1 expression from culturing with TGF-B1 also
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indicated an up-regulation in inflammation. Therefore, a
better understanding on the intricacies between anabolic
growth factors and disease characteristics will be beneficial
for future incorporation of diseased chondrocytes in tissue
engineering.

Previous studies have employed IL-1P to simulate in
vitro models of OA to better understand the disease patho-
genesis. PEGDA offers an advantageous platform for the
IL-1B model of OA by maintaining chondrocyte function in
aneutral environment while allowing diffusion of cytokines
through the porous structure."**" The initial characteriza-
tion of how IL-1f affects cells in PEGDA demonstrated
that bovine chondrocytes cultured with a sustained dose
over 3 weeks exhibited significantly less GAG content ver-
sus the control, both biochemically and histologically,
which is typical of OA.* In addition, we observed the up-
regulated gene expressions of catabolic enzymes MMP-3
and MMP-13 associated with the degradation of cartilage
ECM in OA.*** MMP-3 has been observed to cleave pro-
teoglycan substrates, while MMP-13 is the most efficient
collagenase within the MMP family that degrades type 1I
collagen.”” Moreover, anabolic matrix gene expression was
down-regulated, thus mimicking previously published in
vitro models, while inconclusive in vivo studies suggest that
the stage and severity of OA can affect cellular pheno-
type.”** To better understand the effects of IL-1pB in the
OA-like phenotype, a temporary stimulation of the bovine
chondrocytes with the cytokine indicated that without the
continuous treatment, the cells demonstrated an ability to
recover from the diseased phenotype with increased GAG
content and a gene expression profile similar to untreated
control. Although the GAG quantity was still lower than the
untreated control on average, this trend suggests both the
necessity of stimulating normal chondrocytes with sustained
doses of proinflammatory cytokines to maintain an in vitro
OA model and the dependency on the duration and dose of
the cytokines to induce the OA phenotype.

Stimulation of human chondrocytes by IL-1p3 further
demonstrated up-regulated catabolic genes and down-
regulated anabolic genes.”*>*® Moreover, the 3-D model
elucidated a differential response between normal and dis-
eased chondrocytes. OA chondrocytes were less cataboli-
cally stimulated by the cytokine than normal cells (MMP-3:
1,500- v. 4,900-fold, and MMP-13: 17- v. 52-fold, respec-
tively). This was also observed by Fan et al., who suggested
that this phenomenon might be explained by the already
high basal levels of catabolic gene expressions by OA chon-
drocytes.* In addition, OA cells demonstrated the ability to
recover from IL-1f stimulation when only temporarily
treated, approaching phenotype levels comparable to
untreated diseased cells. Previous research from Aigner
et al. and Freemont et al. have demonstrated the in vivo up-
regulations of various MMPs at different stages of OA.>'
In view of these findings, the in vitro OA model in this

study potentially reflects the simultaneous expressions of
degradative enzymes from early to late stages of OA.

In conclusion, these experiments characterized the pheno-
type of human OA chondrocytes as contrasted by normal
chondrocytes specifically in the novel 3-D culture system,
PEGDA. These findings highlight the importance of limiting
passage number due to increased dedifferentiation with sub-
sequent passages. Moreover, these studies have also demon-
strated that, although the increased inflammatory phenotype
of OA chondrocytes is retained in vitro in PEGDA hydrogel
culture, the cells do have the capacity to generate the ECM.
In addition, the ECM produced could potentially be quantita-
tively comparable to healthy chondrocytes when cultured in
an appropriate environment. Continuous stimulation of both
normal and diseased chondrocytes with IL-1f resulted in
similar trends of anabolic gene down-regulation in conjunc-
tion with up-regulation of catabolic genes. However, this
trend was more significant when the cytokine was exposed to
normal human chondrocytes, which demonstrates the need to
further elucidate the use of normal chondrocytes and IL-1f3
when developing in vitro OA models. This work sets the
precedent for future experiments, such as evaluating OA
chondrocyte redifferentiation within PEGDA from higher
passage numbers and investigating different chondrogenic
conditions on OA chondrocytes in both 2-dimension and
PEGDA. Taken together, these data extend the current
knowledge of OA chondrocyte phenotype and signify the
importance of using diseased cells in cartilage tissue engi-
neering and regeneration research.
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